The genome is folded into domains located in compartments that are either transcriptionally inert or transcriptionally permissive. Here we used genome-wide strategies to characterize domains during B cell development. Structured interaction matrix analysis showed that occupancy by the architectural protein CTCF was associated mainly with intradomain interactions, whereas sites bound by the histone acetyltransferase p300 or the transcription factors E2A or PU.1 were associated with intra-and interdomain interactions that are developmentally regulated. We identified a spectrum of genes that switched nuclear location during early B cell development. In progenitor cells, the transcriptionally inactive locus encoding early B cell factor (Ebf1) was sequestered at the nuclear lamina, which thereby preserved their multipotency. After development into the pro-B cell stage, Ebf1 and other genes switched compartments to establish new intra-and interdomain interactions associated with a B lineage-specific transcription signature.
The genome is not merely organized as a linear structure but has a distinct three-dimensional configuration. It must fold into an elaborate and coherent pattern to allow genomic elements to find each other with the appropriate frequencies. How the chromatin fiber is organized into higher-order topologies remains to be determined. Distinct folding arrangements for chromosome topologies have been proposed that involve helical, radial or combined loop-helical folding of the genome 1, 2 . Imaging studies with electron microscopy have suggested that chromosomes consist of clusters of loops separated by linkers 3, 4 . The results of measurements of spatial distance and formaldehyde crosslinking approaches in conjunction with modeling strategies are consistent with the organization of the genome into chromatin globules consisting of bundles of loops, related to that originally proposed by the multiloop subcompartment model [5] [6] [7] [8] .
During developmental progression, genes frequently change their nuclear 'neighborhoods' 9, 10 . For example, after commitment to the B cell lineage, the immunoglobulin heavy-chain locus (Igh) moves from the nuclear periphery to more centrally located domains [11] [12] [13] [14] . After productive rearrangement of the Igh locus, the nonproductive Igh allele moves to the transcriptionally repressive compartment to interact with the immunoglobulin κ-chain locus (Igk) 15 . Similarly, the Igk locus relocates during B cell development. In small pre-B cells, one of the Igk alleles becomes associated with the repressive compartment to favor rearrangement of the Igk allele in the transcriptionally permissive compartment 16 .
Chromosome-capture studies have provided insight into the folding patterns of genomes on a global scale [17] [18] [19] [20] [21] [22] [23] . Such studies have shown that genomes are organized into compartments that are transcriptionally repressive or permissive 17, 19 . The transcriptionally permissive compartments, in turn, are folded into distinct domains organized by intradomain interactions that involve the architectural protein CTCF 18, 21 . Here we used genome-wide strategies to characterize chromatin compartments and domains during B cell development. We identified distinct classes of anchors that acted on scales of different lengths. Whereas occupancy by CTCF was associated mainly with intradomain interactions, the histone acetyltransferase p300 and the transcription factors E2A or PU.1 were involved in both intra-and interdomain interactions. Intradomain and interdomain interactions that involved p300, E2A, Pax5 and PU.1 were developmentally regulated, but those that involved CTCF were not. We found that a large ensemble of genes relocated during developmental progression from the multipotent stage to the committed pro-B cell stage. Prominent among those was Ebf1, which encodes a key developmental regulator that orchestrates the B cell fate. The switching of genes between compartments was closely linked with changes in transcription signatures. Specifically, we found that the Ebf1 locus was tightly associated with the nuclear lamina in multipotent progenitors but relocated away from the lamina in committed pro-B cells. We suggest that the sequestration of key developmental regulators underpins the mechanism by which the multipotent progenitor cell stage is enforced. Furthermore, we propose that the relocation of chromatin globules between the transcriptionally permissive and repressive compartments and global changes in intra-as well as interdomain interactions mediated by active enhancer repertoires underlie the mechanism by which a B lineage-specific program of gene expression is established.
RESULTS

Highly conserved folding patterns of B cell genomes
Published data have demonstrated that measurements of spatial distance across the Igh locus are consistent with the topology predicted by the multiloop subcompartment model [5] [6] [7] . To determine whether at a global scale the architecture of the pro-B cell genome is organized similarly, we used the 'Hi-C' high-throughput chromosomeconformation capture method 17, 19 . We fixed pro-B cells deficient in the recombinase RAG-1 with formaldehyde alone or with formaldehyde and ethylene glycol bis(succinimidylsuccinate), digested the DNA with HindIII, filled in the gaps with biotinylated nucleotide, ligated the DNA at a high dilution and analyzed the products by highthroughput DNA sequencing. From the filtered interaction data, we generated genome-wide interaction matrices for each chromosome ( Fig. 1a, Supplementary Table 1 and Supplementary Fig. 1a-c; filtering and statistical analyses, Supplementary Methods). This analysis identified clusters of interacting genomic elements across the entire length of chromosomes in pro-B cells ( Fig. 1a and Supplementary  Fig. 2 ). Most genomic interactions were local (<3 megabases (Mb)), as reported before 17 (Fig. 1a) . To identify patterns in the interaction matrix, we applied principal-component analysis to each chromosome 17 (Supplementary Fig. 1a ). This analysis confirmed that chromosome 11 segregated into compartments that were transcriptionally permissive or inert ( Supplementary Fig. 1a ). The coordinates for each region along the first principal component (PC1 values) were highly reproducible across distinct Hi-C replicate experiments, with positive values reflecting transcriptionally active compartments and negative values indicating repressive or inert compartments ( Supplementary Fig. 1d ), and they were conserved in the genomes of mouse pro-B cells and syntenic regions derived from mature human cells of the B lineage 17, 23 (Fig. 1b and Supplementary Fig. 1a ). The 'interactomes' (the entire sets of molecular interactions in cells) of cells fixed with ethylene glycol bis(succinimidylsuccinate), Abelson virus-transformed pro-B cells, embryonic stem cells and RAG-1deficient pro-B cells were also similar 22, 23 (Supplementary Fig. 1d-f) .
To compare the degree of sequence conservation in transcriptionally active and repressive compartments, as determined by PC1 values, we segregated genomic regions on the basis of scores obtained with the PhastCons program 24 for identifying evolutionarily conserved elements in a 38-organism alignment that assesses the probability that DNA sequences are under selective pressure ( Fig. 1c) . We found that regions with high scores were present mainly in transcriptionally permissive compartments rather than the heterochromatic environment ( Fig. 1c) . To determine domain size across the pro-B cell genome, we computed the average size of continuous regions with positive PC1 values. We found that the pro-B cell genome was organized mainly as 0.5-to 3-Mb chromatin globules ( Table 1) .
The organization of the genome into distinct chromatin globules or domains raised the question of whether domains were associated with lineage-specific programs of gene expression. To explore this possibility, we computed, for 96 mouse tissues, the average pairwise correlation coefficient of genes in each active domain composed of a minimum of ten genes with gene-expression values derived from the BioGPS gene-annotation portal. We then compared those values with the expression patterns of genes dispersed across different chromatin domains. We found that genes located in the same domain had a greater tendency to be coordinately expressed than did genes located in different domains ( Fig. 1d) . To determine how lineagespecific patterns of gene expression relate to the location of genes in a transcriptionally repressive or permissive compartment, we quantified the distinct cell types that expressed the ensemble of annotated genes as a function of PC1 values. We found that genes located in inert compartments had a more cell type-restricted pattern of expression than did genes located in permissive compartments, with a more Interaction (obs/exp) A r t i c l e s ubiquitous pattern of gene expression ( Fig. 1e) . These results, along with published observations [17] [18] [19] [20] [21] [22] [23] , indicated that the folding patterns of genomes of different cell types and species were highly conserved, were organized as 0.5-to 3-Mb domains and were composed of clusters of genes with a tendency to be coordinately transcribed.
Recruitment of promoters to enhancers modulate eRNA abundance
To determine whether and how epigenetic marks pair at genomic features, we computed interactions between loci (P < 0.05) with a window of 10 kilobases (kb). We identified a total of 64,101 of such interactions in pro-B cells (false-discovery rate, <10%). We examined the interacting DNA elements for enrichment for epigenetic marks of promoter activity (histone H3 trimethylated at Lys4 (H3K4me3), dimethylated at Lys4 (H3K4me2) or acetylated at Lys9 and Lys14 (H3K9-K14ac)), enhancer activity (H3K4me2 and histone H3 monomethylated at Lys4 (H3K4me1)), elongation and/or splicing (H3K36me3) and repression (H3K27me3) 25 (Fig. 2a) . We found considerable enrichment for the entire spectrum of epigenetic marks across loop-attachment regions ( Fig. 2b) . Notably, we found considerable depletion of loop-attachment regions with deposition of H3K27me3 for interactions involving active promoter and enhancer elements ( Fig. 2b) , which indicated that islands of deposition of H3K27me3 (silencing) and H3K4me2 (activation) were spatially segregated across the pro-B cell genome 25 .
To determine how genomic interactions between regulatory elements related to nascent transcription at promoter and enhancer regions, we plotted the density of nascent RNA, as determined by global nuclear run-on sequencing (GRO-Seq), as a function of genomic distance from the transcription start site and sites of occupancy by E2A at the promoter and distal regions ( Fig. 2c) . Transcription start sites tethered with putative enhancer elements showed substantial enhancement for both sense and antisense transcription ( Fig. 2c , left). To determine how nascent transcription initiated at enhancer elements ('eRNA') related to looping to transcription start sites, we plotted the abundance of nascent transcripts at intergenic putative enhancer regions bound by E2A (and with deposition of H3K4me2; Fig. 2c , right). The abundance of eRNA was much greater at E2Abound regions that interacted with promoters than at those that did not ( Fig. 2c) . However, the degree of E2A occupancy affected the abundance of nascent transcripts only modestly ( Fig. 2c,d) . Consistent with those observations, we found that whereas enhancer elements in the pro-B cell genome were closely associated with B cell-specific interaction endpoints, enhancer regions identified in embryonic stem cells were not ( Fig. 2e) . These data indicated that the abundance of eRNA was greater at enhancers that interacted with promoter regions, which suggested that the transcription of eRNA is initiated, at least in part, by looping of polymerase II from promoter elements to enhancer elements.
Putative anchors that act at different length scales
To identify potential anchors associated with the pro-B cell interactome, we focused our analysis on active enhancers and factors known to be involved in early B cell development. Loop-attachment regions showed substantial enrichment for active enhancers marked by p300, as well as factors such as E2A, PU.1, EBF1, CTCF and Rad21 (Fig. 3a) . However, we found significant depletion of interactions linking CTCF and lineage-specific transcription factors (E2A, PU.1, EBF1 and Foxo1) relative to interactions among CTCF or lineagespecific factors themselves (Fig. 3b) . Hence, two distinct classes of factors were closely associated with loop-attachment regions. Lineage-restricted factors paired at regulatory elements with themselves or with other lineage-specific transcription factors, whereas CTCF-bound sites associated mainly with themselves. The range of detected significant interactions (false-discovery rate, <10%) with endpoints spanning windows of 10 kb was limited to approximately 3 Mb, given the sequencing depth ( Fig. 1a) . We found interactions mainly within chromatin domains rather than between domains because of the greater Hi-C 'read' coverage for shorter genomic distances. To characterize interdomain interactions, at which Hi-C read pairs were sparse, we developed the structured interaction matrix analysis (SIMA) strategy. We boosted sensitivity by pooling sites of factor occupancy within domains and analyzed their collective Hi-C read counts ( Fig. 3c) . We then compared those values with peak positions randomized within the same domains and calculated P values associated with enrichment ( Fig. 3c) . For domain comparisons with a P value of less than 0.05, we computed the ratio of the value from observed peak positions to the average of randomized peak positions plotted across the interaction matrix ( Fig. 3d) . By SIMA we found notable differences between interactions involving CTCF or E2A ( Fig. 3d and Supplementary  Fig. 3 ). Whereas we found enrichment for CTCF interactions across regions involved in intradomain interactions, enrichment for E2A occupancy was not restricted to looping within domains but instead seemed to be associated with both intra-and interdomain interactions ( Fig. 3d) . Thus, SIMA identified the presence of distinct classes of anchors associated with either intradomain interactions or intra-and interdomain interactions.
Sequestration of Ebf1 at the nuclear lamina
To determine whether developmental progression from the pre-pro-B cell stage to the pro-B cell stage was associated with changes in longrange genomic interactions, we generated interactomes of pre-pro-B cells through the use of Hi-C and compared those with the interactomes of pro-B cells. The interaction matrices of pre-pro-B cells and pro-B cells were similar ( Fig. 4a) . However, a small fraction of loci differed in PC1 values ( Fig. 4a and Supplementary Fig. 4a ). To further evaluate these differences, we generated and directly compared Pearson correlation matrices (Fig. 4b,c) . This analysis identified a subset of loci with PC1 values that differed in pre-pro-B cells and pro-B cells (Fig. 4b,  Supplementary Fig. 4b,c and Supplementary Table 2 ). Conspicuous among those loci were the Ebf1, Foxo1 and the light-chain loci Igk and Igl, which repositioned from the repressive compartment to the permissive compartment ( Supplementary Fig. 4 and Supplementary Table 2) .
To verify the changes in compartmentalization at the single-cell level, we used three-dimensional fluorescence in situ hybridization in conjunction with epifluorescence microscopy. We generated fluorescence-labeled probes to detect the domain containing Ebf1 as well as genomic regions adjacent to the Ebf1 locus ( Fig. 4d) . Consistent with the Hi-C analysis, the Ebf1 domain in pre-pro-B cells was closely associated with the neighboring region located in the repressive compartment, whereas in pro-B cells the Ebf1 locus interacted more frequently with genomic elements located in the transcriptionally permissive compartment (Fig. 4d) .
To investigate in greater detail how the Ebf1 locus was associated with the transcriptionally repressive environment, we examined the position of the Ebf1 locus relative to the nuclear lamina. For this, we fixed pre-pro-B cells and pro-B cells with formaldehyde, stained the cells for lamina and analyzed them. Notably, in pre-pro-B cells, the Ebf1 locus was closely associated with the nuclear lamina, whereas in committed RAG-1-deficient pro-B cells, it was located mainly away from the nuclear lamina ( Fig. 5a,b) .
To determine whether developmental regulators associated with alternative cell lineages were also sequestered in the transcriptionally repressive compartment, we determined PC1 values for loci encoding such regulators (Gata1, Gfi1, Tcf7, Cebpa, Cebpb, Bcl11b and Id2). Most of these loci were located in the transcriptionally permissive compartment in both multipotent progenitors and pro-B cells. Notably, however, we found that in both cell types, the Bcl11b locus was associated with the transcriptionally repressive compartment ( Fig. 5c) . Thus, these observations indicated that in multipotent 
Nuclear repositioning, epigenetics and gene expression
To determine whether the spatial repositioning of loci related to differences in programs of gene expression, we plotted the ratio of the abundance of nascent RNA in pro-B cells to that in pre-pro-B cells against PC1 values (Fig. 6a) . Indeed, loci that switched from a transcriptionally repressive compartment to a permissive compartment had a greater abundance of nascent RNA, whereas loci that relocated from a transcriptionally permissive to a repressive compartment had a lower abundance of in nascent transcripts (Fig. 6a) . Globally, the abundance of RNA encoded by 1,534 annotated genes was greater in pro-B cells than in pre-pro-B cells, whereas the abundance of RNA encoded by 1,623 annotated genes was less in pro-B cells than in prepro-B cells ( Fig. 6b) . Of the genes with a greater transcript abundance in pro-B cells, 240 (16%) were in regions that switched from a repressive environment to a permissive environment, whereas 87 (5%) of the genes whose transcript abundance was lower in pro-B cells were in compartments that changed from transcriptionally permissive compartments to repressive compartments ( Fig. 6b and Supplementary  Tables 2 and 3) . Regions associated with the transcription of noncoding RNA, microRNA and eRNA showed similar patterns (data not shown). As predicted, we found significant enrichment for occupancy by E2A, EBF1 and Foxo1 across domains that were actively transcribed in pro-B cells (P < 1 × 10 -10 ; Supplementary Fig. 5a ). However, the entire spectrum of genes that switched from the repressive compartment to the permissive compartment did not have more nascent transcription (Fig. 6b) . Instead, a substantial fraction of genes showed no or minimal changes in the abundance of nascent RNA (Fig. 6b) . To examine this group of genes in greater detail, we compared the deposition of H3K27me3 to the abundance of nascent transcripts for genes that switched from the repressive compartment to the permissive compartment. Notably, we found enrichment for the abundance of H3K27me3 across genes that made such a switch but whose nascent transcript amounts were equivalent in pre-pro-B cells and pro-B cells (Supplementary Fig. 5b) . Thus, repositioning of loci during developmental progression from the transcriptionally repressive compartment to the permissive compartment was accompanied either by activation of gene expression or silencing by deposition of H3K27me3.
Repositioning of genes during ontogeny The findings described above indicated large-scale changes in the compartmentalization of genes during B cell development. Do such changes also occur during ontogeny? To address this question, we compared the PC1 values of the interactomes of pro-B cells and embryonic stem cells (Supplementary Fig. 6a ). Indeed, we found a subset of loci that seemed to have relocated from a transcriptionally permissive chromatin environment in embryonic stem cells to a repressive environment in pro-B cells (Supplementary Fig. 6a ).
Published studies have indicated that transcriptionally active domains have a high density of short interspersed elements (SINEs), which represent short DNA sequences that originate from reversetranscribed small nuclear RNA. The enrichment for SINEs across transcriptionally active regions 23, 26 prompted us to investigate the presence of SINEs in both embryonic stem cells and pro-B cells. Consistent with the published observations 23, 26 , we found that transcriptionally active regions had a relatively high density of SINEs (Supplementary Fig. 6b) . In contrast, long interspersed elements, which are clusters of actively transcribed genomic repeat elements, had a reverse pattern, in that the repressive compartment showed substantial enrichment for these elements (Supplementary Fig. 6b) . 
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We next sought to determine why a subset of the pro-B cell genome with high SINE density was located in a transcriptionally repressive compartment. To address this, we considered the possibility that SINE-rich regions located in the transcriptionally repressive chromatin compartment were in fact located in transcriptionally permissive compartments during earlier stages of ontogeny. Consistent with our prediction, we found that SINE-rich regions located in a repressive chromatin compartment in pro-B cells tended to show considerable enrichment for H3K4me2 in embryonic stem cells ( Supplementary  Fig. 6c,d) . These data indicated that during embryogenesis, a subset of chromatin domains switched from a transcriptionally permissive compartment to a repressive compartment. Thus, in pro-B cells, most SINE-rich domains were located in a transcriptionally permissive compartment, but a fraction of the SINE-rich domains located in the transcriptionally repressive compartment represented domains that switched from a transcriptionally permissive nuclear compartment to a transcriptionally repressive nuclear compartment during an earlier stage in ontogeny.
Identifying developmentally regulated anchors The data described above identified distinct classes of factors that were associated with intra-and/or interdomain interactions. To determine whether these interactions were developmentally regulated, we used SIMA to assess enrichment for putative anchors across loop-attachment regions in multipotent pre-pro-B cells and pro-B cells. We found that pre-pro-B cells and pro-B cells did not differ significantly in their pattern of genomic interactions associated with CTCF occupancy (Fig. 6c) . However, these cells did differ significantly in their patterns of intra-and interdomain interactions associated with E2A occupancy. As expected, intraand interdomain interactions associated with E2A occupancy in pro-B cells were absent from E2A-deficient multipotent progenitor cells (Fig. 6c) . Thus, the developmental progression from the pre-pro-B cell stage to the pro-B cell stage was associated with large-scale changes in loop-attachment regions associated with E2A occupancy but not with CTCF occupancy.
To identify additional potential anchors associated with the pro-B cell interactome, we used SIMA to assess occupancy by PU.1, Pax5 and Foxo1 (refs. 26-30; Supplementary Fig. 5c ). We used occupancy 
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A r t i c l e s by p300 to assess enhancers involved in intra-and interdomain interactions (Supplementary Fig. 6c ). This analysis showed that overall, the spectrum of loop-attachment regions showing enrichment for enhancers as well as occupancy by Pax5, PU.1 and Foxo1 was distinct from that for CTCF but was similar, albeit not identical, to that for E2A ( Supplementary Fig. 5c ). The active enhancer repertoire, as marked by p300 occupancy, also seemed to be associated with both intra-and interdomain interactions (Supplementary Fig. 6c ).
To determine how occupancy by transcription factors associated with loop-attachment regions changed during embryogenesis, we used SIMA in conjunction with occupancy of the E2A and SOX2 transcription factors 28 in embryonic stem cells, pre-pro-B cells and pro-B cells (Fig. 6d) . As expected, loop-attachment regions in embryonic stem cells did not show enrichment for the E2A-associated binding sites identified in the pro-B cell genome (Fig. 6d) . As predicted, we observed the reverse pattern for Sox2 occupancy 'gated on' binding sites detected in embryonic stem cells (Fig. 6d) . In sum, these data indicated that loop-attachment regions associated with lineagespecific transcription factors were developmentally regulated.
Spatial clustering of k-chain variable regions
To determine whether changes in nuclear location were associated with changes in chromatin topology, we compared the interactomes of Ebf1 and Igk in pre-pro-B cells and pro-B cells. We found a wider spectrum of genomic interactions across the Ebf1 locus in pro-B cells than in pre-pro-B cells (Supplementary Fig. 7) , indicative of widespread changes in topology. Looping across the Ebf1 locus involved mainly promoter-promoter interactions and enhancer-enhancer interactions, as well as enhancer-promoter interactions (Supplementary Fig. 7) .
We also observed notable changes in genomic interactions across the Igk locus during developmental progression (Fig. 7a) . We found looping mainly adjacent to the Igk locus in pre-pro-B cells, whereas in pro-B cells, we observed an intricate and elaborate pattern of interactions involving both small and large loops (Fig. 7a) . Conspicuous were interactions involving the Igk intronic enhancer and genomic elements across the Igk locus (Fig. 7a) . Many of these interactions were closely associated with E2A occupancy (Fig. 7a) .
To examine genomic interactions in greater detail, we applied SIMA for transcription factors, epigenetic marks, and joining and variable regions (Fig. 7b) . Notably, κ-chain variable regions (V κ regions) used in the Igk repertoire seemed to cluster in pro-B cells but not in pre-pro-B cells. In contrast, pseudo-variable regions did not gather (Fig. 7b) . The clustering of V κ elements indicated close spatial proximity that permitted the entire repertoire of functional V κ regions, separated by large genomic distances, to encounter κ-chain joining (J κ ) elements with similar probabilities (Fig. 7c) .
DISCUSSION
Global studies using formaldehyde crosslinking approaches have provided insight into the folding patterns of genomes [17] [18] [19] [20] [21] [22] [23] . Such studies have shown that genomes are organized into compartments that are transcriptionally repressive and transcriptionally permissive 17 . The compartments themselves are organized into domains that are structured by intradomain interactions, mediated mainly by CTCF 21, 23 . We developed the SIMA strategy and used it here to identify additional factors associated with loop-attachment regions. Consistent with published observations 21, 23 , we found that occupancy by CTCF was associated mainly with genomic interactions within chromatin globules. We also identified additional putative anchors, such as E2A, PU.1, EBF1 and Pax5, that seemed to bind 'collaboratively' across loop-attachment regions. Thus, different classes of putative anchors established the intradomain interactome. SIMA also allowed us to detect interdomain interactions. Interdomain interactions are mediated mainly by enhancer-enhancer interactions that involve transcriptionally active domains, such as transcription factories, as they are closely associated with p300-bound sites [31] [32] [33] . We noted that distinct interdomain interactions were rather infrequent, which indicated that these genomic interactions occurred only in a small fraction of the population of cells.
The aforementioned data indicated that at least two distinct classes of anchors establish the pro-B cell interactome, as follows: first, architectural proteins such as CTCF acting inside domains; and second, transcriptional regulators such as E2A and PU.1 acting within and between chromatin domains. How do these two classes, CTCF versus enhancer-binding proteins, differ? The biochemical activities and regulatory functions of CTCF and of E2A and PU.1 are distinct. Whereas there is not enrichment for CTCF-bound sites across transcriptionally active regions, occupancy by E2A and PU.1 is associated with active enhancer repertoires 29, 30 . Furthermore, tethers associated with CTCF occupancy were not developmentally regulated, whereas the spectrum of loop-attachment regions, enriched for E2A-and PU.1-bound sites, differed extensively in the pre-pro-B cell stage and the pro-B cell stage. Across what genomic regions do the E2A-and PU.1-bound contacts originate? As the sites occupied by p300 overlapped most of the E2Aand PU.1-binding sites, we suggest that this spectrum of genomic interactions involves mainly enhancer elements 34 . Do any such factors have a direct role in establishing genome topology, or is there a hierarchy of primary and secondary participants? We would like to consider the possibility that the E2A proteins act as the main participants. E2A proteins have been particularly well studied for their roles in the assembly of antigen receptors 35, 36 . Enforced expression of the E2A isoform E47 readily promotes the assembly of genes encoding antigen receptors in embryonic kidney cells 37, 38 . A substantial fraction of the V κ regions are located in close genomic proximity to E2A-binding sites 39 . Here we observed that in the bulk population, functional V κ regions seemed to cluster, but pseudo-V κ repertoires did not. Such clustering of functional V κ elements indicated close spatial proximity. As E2A occupancy was closely associated with a subset of V regions, we propose that binding by E2A directly promotes the assembly of V κ regions. Such a configuration would permit the entire Igk V-region repertoire, separated by vast genomic distances, to encounter J κ elements with similar probabilities, which would provide an equal 'playing field' for the V-region repertoire. We suggest that, similarly, the E2A proteins act directly to mediate enhancer-enhancer interactions as well as enhancer-promoter interactions inside chromatin domains as well as between domains. Ultimately, biochemical approaches will be needed to determine whether indeed the E2A proteins function directly as anchors.
The observations described here have also shown that in multipotent progenitor cells, the Ebf1 locus was sequestered at the nuclear lamina. Is the sequestration of key developmental regulators at the nuclear lamina a general principle that governs developmentally specific gene expression? Notably, after closer inspection, we found that in E2A-deficient multipotent progenitor cells, Bcl11b, which encodes a key regulator that promotes commitment to the T cell lineage, was also located in the heterochromatic environment [40] [41] [42] . Why are the Ebf1 and Bcl11b loci located in the heterochromatic environment in progenitor cells? We suggest that the nuclear lamina serves to ensure efficient silencing. Thus, being located in a transcriptionally repressive compartment would not readily lead to aberrant activation of gene expression, as the entire neighborhood is predominantly in a silent state. In contrast, transcriptionally inactive genes located across the transcriptionally permissive compartment might be subject to aberrant activation-for example, by the aberrant looping of nearby located active enhancers. Furthermore, we suggest that genes encoding key developmental regulators, such as Ebf1 and Bcl11b, need to be efficiently silenced in multipotent progenitor cells, as inappropriate activation of such genes may lead to premature differentiation. It is now well established that the E2A proteins act indirectly and directly to induce Ebf1 expression 30, 43, 44 . However, during early hematopoiesis, E2A expression is already high in multipotent hematopoietic progenitors, and why E2A does not activate Ebf1 expression prematurely at the multipotent progenitor cell stage has remained an open question 45 . The data described here have provided a mechanism for this. The Ebf1 locus in multipotent progenitor cells was sequestered away from transcription factors and was tightly associated with the nuclear lamina, which prevented premature activation and developmental progression toward the B cell lineage. Similarly, the Bcl11b locus might be sequestered in the heterochromatic compartment in hematopoietic progenitor cells to suppress premature developmental progression toward the T cell lineage. Hence, we propose that the positioning of key developmental regulators at the nuclear lamina in progenitor cells is a general principle for ensuring efficient silencing.
The critical question to be addressed now is how the Ebf1 and Bcl11b loci are sequestered in the heterochromatic environment and how they are released at the appropriate developmental stage. Studies have identified Th-POK as a factor that mediates the sequestration of the genes at the nuclear lamina 46 . It is conceivable that Th-POK might similarly be involved in recruiting the Ebf1 or Bcl11b locus to the nuclear lamina. However, as expression of Ebf1 and Bcl11b leads to the induction of either a B lineage-specific or T lineage-specific program of gene expression, it seems more likely that they are sequestered in the lamina by distinct tethers. The identification of such tethers and how they are regulated during hematopoiesis deserves further scrutiny.
METHODS
Methods and any associated references are available in the online version of the paper.
